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INTRODUCTION 

O i l  s h a l e  rubble  p i l e s ,  l i k e  those  c r e a t e d  i n  t h e  v e r t i c a l  modified 
i n - s i t u  combustion process  pioneered by Occidenta l  O i l  Shale ,  I n c . ,  o r  
those pos tu la ted  i n  P r o j e c t  Bronco, c o n s i s t  of  o i l - s h a l e  b locks  of a s s o r t e d  
s i z e s .  
problem u n t i l  work i n  t h e  Laramie Energy Research Center ' s  l a r g e  s c a l e  ba tch  
combustion r e t o r t s  showed t h a t  temperatures  high enough t o  evolve s h a l e  o i l  
were a t t a i n e d  completely through b locks  weighing s e v e r a l  t o n s  (L-?)l. 
Although some anomalously high rates of temperature  i n c r e a s e  i n  s h a l e  b locks  
during combustion r e t o r t i n g  have been r e p o r t e d  (L,?) and explana t ions  f o r  
these  high r a t e s  a t tempted (2,2), t h e  high r a t e s  appear too  r a p i d  f o r  ready 
explanat ion.  However, some mechanisms do o p e r a t e  t o  he lp  h e a t  o i l - s h a l e  
blocks and evolve t h e i r  s h a l e  o i l .  Three s e p a r a t e  mechanisms a r e  i d e n t i f i e d :  
(1) thermal  e x f o l i a t i o n  of  t h e  s h a l e ;  (2)  gas evolu t ion  a s s i s t i n g  and 
augmenting t h e  e x f o l i a t i o n ;  and (3 )  combustion of l i g h t  decomposition 
products from t h e  organic  mat te r  i n  t h e  o i l  s h a l e .  Exis tence  of each of 
these  i s  demonstrated and t h e i r  combined e f f e c t s  a r e  evaluated.  

Heat ing t h e s e  b locks  through t o  produce t h e i r  o i l  seemed a formidable  

EXPERIMENTAL 

Thermal Expansion and E x f o l i a t i o n  

ERDA's Laramie Energy Research Center developed appara tus  t o  measure 
t h e  thermal expansion and e x f o l i a t i o n  e f f e c t s  on o i l  s h a l e  i n  r e l a t i o n  t o  
temperatures .  The appara tus ,  t o  be  descr ibed  i n  d e t a i l  e lsewhere,  c o n s i s t s  
of a p o s i t i o n  t ransducer  suspended from one end of a beam and a s t a i n l e s s  
s t e e l  pad suspended from t h e  o t h e r .  The beam, supported on a k n i f e  edge 
a t  its c e n t e r  l i k e  a ba lance  beam, i s  f r e e  t o  move. I n  o p e r a t i o n  t h e  s t a i n -  
less s teel  pad r e s t s  on t h e  f l a t t e n e d  f a c e  of  an o i l - s h a l e  specimen prepared 
a s  a c y l i n d r i c a l  c o r e  about  1/2-inch I n  diameter  and 1-1/2 i n c h e s  long.  The 
pad conta ins  a thermocouple f o r  measuring t h e  sample temperature .  
on t h e  beam i s  a d j u s t e d  t o  p lace  a smal l  load  (0.5 t o  1 gm) on t h e  core t o  
maintain c o n t a c t  between t h e  c o r e  and t h e  pad. 
during h e a t i n g ,  t h e  pad is moved which moves t h e  p o s i t i o n  t ransducer  t o  
generate  a corresponding e l e c t r i c a l  s i g n a l .  

Weight 

A s  t h e  sample l e n g t h  changes 

The sample r e s t s  on t h e  bottom of a plat inum tube  equipped wi th  a gas  
e x i t  tube  running up i t s  s i d e  from t h e  lower corner .  A gas i n l e t  i s  a t t a c h e d  
a t  the  top of t h e  sample chamber, p e r m i t t i n g  c o n t r o l l e d  flow of a s e l e c t e d  
gas  around t h e  sample. 
provides  t h e  complete atmosphere c o n t r o l  s o  v i t a l l y  necessary  t o  o i l - s h a l e  

A b e l l  j a r  over  t h e  beam c l o s e s  t h e  system and 

1 Underlined numbers i n  parentheses  r e f e r  t o  items i n  t h e  l i s t  of r e f e r e n c e s  
a t  t h e  end of t h i s  r e p o r t .  
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thermal s t u d i e s  (7). The sample chamber is surrounded by a furnace  t h a t  
provides  r a p i d  and uniform h e a t  t r a n s f e r  t o  t h e  sample. The h e a t i n g  rate 
of t h e  furnace  i s  programmable. This  arrangement i s  very s imi la r  t o  t h e  
s imultaneous DTA-TG-EGA appara tus  developed f o r  o i l - s h a l e  s tudy  a t  t h e  
Laramie Energy Research Center (A). 

Thermal expansion p l o t t e d  wi th  temperature  is shown i n  F igure  1 f o r  

The sample was 
an o i l - s h a l e  specimen cored perpendicular  t o  t h e  bedding p lanes  from a 
1-foot Mahogany zone sample y i e l d i n g  35 g a l l o n s  p e r  ton.  
run i n  a n i t r o g e n  atmosphere and w a s  heated a t  t h e  r a t e  of 10" C.  p e r  minute. 

Severa l  expansion e v e n t s  a r e  recorded i n  Figure 1. 
began t o  i n c r e a s e  i n  l e n g t h  a s  h e a t i n g  began. The i n i t i a l  l engthening  
probably e x p r e s s e s  t h e  l i n e a r  expansion of t h e  organic  matter i n  t h e  o i l  
s h a l e ,  undoubtedly many t i m e s  (-20) l a r g e r  than  t h e  minera l  expansion. 
In 35 g a l l o n  p e r  t o n  o i l  s h a l e  t h e  organic  matter represents  about  40 volume 
percent  of t h e  r o c k  (6). 
due t o  expansion of  t h e  organic  mat te r ,  t h e  organic  matter's expansion 
c o e f f i c i e n t  is about  3.4 x 
l a r g e  l i n e a r  expansion is on t h e  o r d e r  of b u t  somewhat smaller than  va lues  
i n  t h e  same temperature  range repor ted  f o r  a s p h a l t  and p a r a f f i n .  
it i s  not  an unreasonable  va lue .  I ts  v a l i d i t y  is l i m i t e d ,  however, by 
p o s s i b l e  i n c l u s i o n  of e f f e c t s  from t h e  thermal  event  which o c c u r s  next .  

The sample apparently 

I f  t h e  length  i n c r e a s e  between 50° and 100' C. is  

This  r a t h e r  length  per  u n i t  l ength  p e r  'C. 

Consequently 

The thermal  expansion t r a c e  (F igure  1) shows t h a t  very r a p i d  lengthen- 
ing occurs  through t h e  temperature  i n t e r v a l  190' t o  225" C .  
t h i s  sample had reached 225' C. it had increased  i t s  length  by about  8 percent. 
This e longat ion  is  accompanied by sharp  i r r e g u l a r i t i e s  i n  t h e  t r a c e .  These 
i r r e g u l a r i t i e s  are real, express ing  equipment response t o  sudden events ,  
t h e  development of f i s s u r e s .  Visua l  examination of  a core sample hea ted  
through t h i s  tempera ture  i n t e r v a l  and then cooled r e v e a l s  numerous f i s s u r e s  
approximately p a r a l l e l  t o  t h e  bedding planes.  

Two f a c t o r s  c o n t r i b u t e  t o  development of t h e s e  f i s s u r e s  i n  t h e  temper- 
a t u r e  range from 190" t o  225' C. The primary mechanism is f a i l u r e  due t o  
thermal stress. This  r e q u i r e s  some explana t ion .  Oil-shale  c o r e s  perpendi- 
c u l a r  t o  t h e  bedding  p lanes  cu t  many i n d i v i d u a l  beds. 
l a r g e  amounts o f  organic  mat te r  and some conta in  r e l a t i v e l y  small amounts. 
Organic-rich l a y e r s  w i l l  e longate  much more r a p i d l y  than organic-poor layers .  
I f  t h e s e  l a y e r s  happen t o  be  ad jacent  i n  t h e  sample,a  s t r e s s  i s  developed. 
Weak p lanes  f a i l  suddenly, popping t h e  s h a l e  a p a r t .  The p a r t i n g s  are rarely 
completely a c r o s s  t h e  specimen because t h e  stress i s  r e l i e v e d  by p a r t i a l  
f a i l u r e .  The second f a c t o r ,  t h e  r e l e a s e  of combustible gases ,  is t r e a t e d  
l a t e r .  Howeverpi t  d e f i n i t e l y  c o n t r i b u t e s  t o  t h e  lengthening and t o  t h e  
uneven l e n g t h  t r a c e .  

By t h e  t ine 

Some c o n t a i n  r e l a t i v e l y  

Above 225" C. a per iod  of l i t t l e  length  i n c r e a s e  appears ,  a lmost  as i f  
a l l  t h e  s i g n i f i c a n t  stress had been re leased .  Above 300" C .  a s teady  and 
gradual  length  i n c r e a s e  aga in  occurs .  
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A t  about 400" C. t h e  organic  mat te r  begins  t o  decompose r a p i d l y .  
From 400" C. u n t i l  about 485" C. t h e  sample aga in  shows r a p i d ,  i r r e g u l a r  
length increase .  By t h e  t i m e  i t  reached 485" C .  t h i s  core  had lengthened 
by almost 14  percent .  Gas development is t h e  predominant f o r c e  producing 
t h i s  lengthening.  
much of i t s  p h y s i c a l  competence, so evolv ing  gases  push some organic- t ied  
l a y e r s  a p a r t .  

I n  t h i s  tempera ture  range t h e  organic  matter l o s e s  

When decomposition of t h e  organic  mat te r  is completed at about  485" C. 
(Figure 1) a d d i t i o n a l  h e a t i n g  produces l i t t l e  length  i n c r e a s e .  Between 
485' C. and 1000' C.  t h i s  sample increased  i n  length  by only  1.1 p e r c e n t .  
Decomposition of dolomite  and c a l c i t e ,  which occurred i n  t h i s  tempera ture  
range, produced no s i g n i f i c a n t  length  change, e i t h e r  i n c r e a s e  o r  decrease .  

GAS EVOLUTION AND COMBUSTION 

O i l  s h a l e  is very  s e n s i t i v e  t o  t h e  presence of oxygen d u r i n g  hea t ing .  
Smith and Johnson (1) used thermal  a n a l y s i s  t o  e v a l u a t e  t h i s  e f f e c t .  
2,  3, and 4 are e x t r a c t e d  from t h a t  paper  which g ives  a d e t a i l e d  d i s c u s s i o n  
of applying thermal  a n a l y s i s  t o  s tudy  of o i l  s h a l e  and o t h e r  s o l i d  f u e l s .  
Descr ipt ion of t h e  appara tus  and t h e  c o n d i t i o n s  of t h e s e  runs  are given 
t h e r e  (z). 
TG (thermogravimetry) behavior  of  o i l  s h a l e  heated i n  an i n e r t  atmosphere. 
The sample begins  t o  l o s e  weight a t  about  200" C . ,  b u t  i t s  r e a c t i o n s  are 
a l l  endothermic. I n  F igure  3 o i l  s h a l e  is hea ted  i n  air .  S e n s i t i v i t y  w a s  
cut  by a f a c t o r  of 5 and t h e  sample s i z e  w a s  reduced t o  about 1 / 3  t o  keep 
t h e  exotherms on t h e  c h a r t .  The two exortherms peaking a t  about  330' C.  
and 430" C. are due t o  combustion of t h e  organic  m a t t e r  i n  two s e p a r a t e  
phases, t h e  second of which is burn ing  of carbon coke. 
ends t o  evolve h e a t  d e f i n i t e l y  occurred by t h e  t i m e  t h e  programmed h e a t i n g  
curve reached ZOOo C. 

F igures  

F igure  2 shows t h e  DTA ( d i f f e r e n t i a l  thermal  a n a l y s i s )  and 

Combustion of l i g h t  

O i l  s h a l e  hea ted  i n  an a t m s p h e r e  conta in ing  only  1 percent  a i r  
(0.2 percent  oxygen) shows s i g n i f i c a n t  h e a t  product ion from o x i d a t i o n  of 
organic  matter. F igure  4 shows DTA and TG t r a c e s  f o r  such a run .  S e n s i t i -  
v i t y  and sample s i z e  are back t o  those  used i n  F igure  2 .  Heat from combustion 
of l i g h t  organic  f r a c t i o n s  i s  be ing  produced below t h e  200" C .  p o i n t  of  t h e  
temperature  program even though t h e  oxygen supply is very small. Two 
exotherms a r e  genera ted  by o i l  s h a l e  hea ted  i n  atmospheres c o n t a i n i n g  20 per-  
cent  o r  0.2 percent  oxygen, a l though t h e i r  i n t e n s i t i e s  decrease  wi th  smaller 
oxygen concent ra t ions .  The important  po in t  is t h a t  t h e  o i l  s h a l e  produces 
s i g n i f i c a n t  h e a t  by oxida t ion  even a t  very low oxygen l e v e l s .  

DISCUSSION 

Oil-shale  specimens not  on ly  expand dur ing  h e a t i n g  b u t  show two s e p a r a t e  
temperature  zones of f r a c t u r i n g .  Although t h e  behavior  of on ly  one sample 
i s  shown (Figure  l), o t h e r  o i l  s h a l e s  e x h i b i t  similar behavior .  This  
f r a c t u r i n g ,  o c c u r r i n g  under no load i n  t h e s e  experiments ,  w i l l  a l s o  occur 
i n  a n  o i l - s h a l e  rubble  p i l e .  I n  a rubble  p i l e  t h e  s h a l e s  are s u b j e c t e d  t o  
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p o i n t  loads.  A t  o t h e r  l o c a t i o n s  on a block t h e  s h a l e  is f r e e  t o  expand 
and f r a c t u r e  i n t o  surrounding void space under e s s e n t i a l l y  no l o a d .  

The two s e p a r a t e  zones of r a p i d  expansion with f r a c t u r i n g  a r e  p a r t i -  
c u l a r l y  important  t o  h e a t i n g  of o i l  s h a l e .  This  i s  g r a p h i c a l l y  demonstrated 
by comparing the temperature  l o c a t i o n s  of t h e  o x i d a t i o n  exotherms i n  Figures 
3 and 4 with  t h e  tempera ture  l o c a t i o n s  of  t h e  r a p i d  expansion. 
(which occur  i n  any atmosphere) c o i n c i d e  wi th  combustion exotherms i n  an 
oxygen-bearing atmosphere. I n  a d d i t i o n  t h e  expansion t r a c e  i n  F igure  2 
shows t h a t  i n  t h e s e  zones of rap id  expansion t h e  c o r e  both expands and 
c o n t r a c t s .  During expansion t h e  surrounding atmosphere, oxygen-bearing i n  
combustion-based processes ,  is sucked i n t o  t h e  core ,  then  e x p e l l e d  with 
t h e  c o n t r a c t i o n s .  This  a u t o m a t i c a l l y  provides  oxygen and expels  combustion 
products .  The combustion i t s e l f  may provide some atmosphere exchange. By 
burning r a p i d l y  t h e  gases  may be unable  t o  t r a n s f e r  h e a t  r a p i d l y  t o  t h e  
surrounding o i l  s h a l e .  Gas p r e s s u r e  capable  o f  e x p e l l i n g  t h e  remaining 
combustion products  would b u i l d .  
g radual ly  h e a t i n g  t h e  surrounding rock.  
oxygen-bearing gas .  

Expansions 

The remaining gas  would then c o o l  by 
This  would draw i n  a d d i t i o n a l  

In a d d i t i o n  to  t h e  h e a t  e f f e c t s  i n s i d e  t h e  block,  t h e  combust ible  
gases  evolv ing  from t h e  s h a l e  w i l l  t r a v e l  o u t  from t h e  b lock .  They have 
been observed evolv ing  and burning a long  f i s s u r e s  i n  o i l - s h a l e  blocks.  
Such combustion a t  t h e  block s u r f a c e  provides  h e a t  t o  t h e  block and its 
immediate atmosphere. 

A f t e r  r e t o r t i n g  i s  completed, t h e  carbon r e s i d u e  is d i s t r i b u t e d  
throughout t h e  s h a l e  b lock .  
has  shrunk by 90 percent  (?), t h e  spent  s h a l e  i s  now porous. The carbon 
r e s i d u e  is a v a i l a b l e  f o r  burning i f  oxygen can reach i t .  
produced by h e a t i n g  t h e  o i l  s h a l e  provides  a c c e s s  r o u t e s  which h e l p  oxygen 
d i f f u s e  i n t o  t h e  spent  s h a l e .  

Because t h e  o r i g i n a l  organic  volume f r a c t i o n  

The f i s s u r i n g  
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